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Summary 

A flight research program was undertaken at 
NASA Langley Research Center in which vapor- 
screen and image-enhancement techniques were used 
to obtain qualitative and quantitative information 
about near-field vortex flows above the wings of 
fighter aircraft. In particular, the effects of Reynolds 
number and Mach number on the vortex system over 
an angle-of-attack range were sought. The relevance 
of these flows stems from their present and future use 
at many points in the flight envelope, especially dur- 
ing transonic maneuvers. The aircraft used in this 
flight program was the F-106B because it was avail- 
able and had sufficient wing sweep (60°) to generate 
a significant leading-edge-vortex system. 

Two kinds of results were obtained, those which 
are primarily related to vapor-screen hardware and 
those which are related to flow. For the hardware re- 
sults, it was determined that the probe-tip location is 
critical to seeding the vortex system for illumination 
and visual recording, and the influence of its location 
is discernible from the measured values for vortex en- 
velope extent and core lateral position; a slit-width 
opening of 0.012 in. is sufficient for the light sheet 
to illuminate the vortex system details; and data re- 
peatability is fairly good for visual results obtained 
at a constant altitude when the light sheet is used in 
an intermittent operational mode. With respect to 
the flow-related results, it has been determined that 
the combinations of increasing Reynolds number and 
decreasing lift coefficient can significantly reduce the 
amount of vapor entrained in the leading-edge vortex 
below an angle of attack of 20° ; during the transonic 
maneuver, increasing Mach number and load factor 
produces a well-defined vortex system which is larger 
and more inboard than that for the constant- altitude 
1 g flight; dual corotating primary vortices exist at 
higher Reynolds numbers; in general, the inner ex- 
tent of the vortex-system envelope and lateral core 
locations are more inboard at lower Reynolds num- 
bers and higher lift coefficients, whereas the core ele- 
vation is insensitive to Reynolds number change; and 
vortex breakdown does not occur at the light-sheet 
station for the tested combinations of angle of attack 
(up to 23°) and Reynolds number. 

Introduction 

Since vortex flows play such an important role 
in the design and operation of aerospace vehicles, 
there continues to be an active interest in visualizing 
these flows. This is especially important for aircraft 
that use the vortex systems shed from either their 
own forebody, strake, wing-leading-edge, or horizon- 
tal control surfaces to achieve high maneuverability. 


Combinations of these off-surface flows can be either 
beneficial or adverse, depending on the sense of ro- 
tation and location of the systems. Accurate infor- 
mation of this type needs to be known early in the 
aircraft design cycle so that unpredictable results will 
not occur in flight. 

Vortex systems are routinely observed in wind 
tunnels to the extent that the shape of the feeding 
sheet, the location of the core, and the accompanying 
effect of its breakdown on the aerodynamic forces and 
moments are often noted. In the wind tunnel a vari- 
ety of techniques are used to either identify the core 
and its diameter or infer its position over the wing. 
These techniques are distinguishable by whether they 
are used off or on the surface. Among the off- 
the-surface techniques are vapor screen, smoke, he- 
lium bubble, total pressure survey (ref. 1), schlieren 
(ref. 2), and tuft grid (ref. 3). The on-the-surface 
techniques include oil flow, tufting (ref. 1), and pres- 
sure measurement (ref. 4). In flight many of these 
same techniques have also been applied, including 
smoke (refs. 5 and 6), oil flow (ref. 7), pressure mea- 
surement (ref. 4), and tufting (ref. 8). Moreover, 
due to condensation of atmospheric water vapor, vor- 
tex cores have been made visible without additional 
seeding both in wind tunnels and in flight, as shown 
in figures 1 to 3. The cores are the dark regions 
(void of seeding particles) surrounded by the white 
bands (concentration of particles). Actual knowledge 
of the vortex-system location is important when one 
intends for it, particularly the core, to be in a certain 
aerodynamically beneficial location, as in the case of 
vortex-flow-management devices. There is much in- 
terest in several of these devices for flight applica- 
tion, including the leading-edge- vortex flap (ref. 9), 
because future fighters will have to operate efficiently 
at multiple design points, where the flow can range 
from attached to vortical. These devices, when prop- 
erly deflected, can work well with either flow type. 
Hence, the flight testing of such devices would bene- 
fit from the verification of the flow type present and 
its extent. 

The vapor-screen technique is a logical way to ex- 
amine the leading-edge-vortex flow on aircraft with 
or without vortex-flow devices, since only a thin 
cross section of the flow is illuminated. Further- 
more, only three basic systems are involved — seeding, 
light-sheet generation, and image recording. In the 
late 1970’s, the Soviets applied this technique suc- 
cessfully in flight to an ogee-winged aircraft and 
published the work in 1982 (ref. 10). They used 
atmospheric water vapor for seeding, a ruby laser 
for light-sheet generation, and a camera (presum- 
ably a film camera) for image recording. The lat- 
ter two are illustrated in figure 3 in a sketch of 



the research aircraft. This figure also shows two 
vapor-screen photographs taken at the higher an- 
gles of attack, in which the free vortex off the for- 
ward part of the wing has been illuminated by the 
laser sheet over the aft part (ref. 10). These photo- 
graphs show a coherent and well-organized vortex, 
typical of the expected results from a flight vapor- 
screen study. 

In 1984, when the work reported herein began, 
the capability for doing flight vapor-screen studies 
was not available in the United States. Therefore, 
in order to begin a flight study of the effects of 
Reynolds number and Mach number on the leading- 
edge-vortex system, two items had to be accom- 
plished. The first was to have available a suitable 
aircraft for the vortex-system generation, and the 
second was to have developed the necessary hard- 
ware to visualize the vortices. The aircraft chosen 
for this flight program was the F-106B because of its 
availability and because its wing sweep (60°) was suf- 
ficiently high to generate a significant leading-edge- 
vortex system (ref. 8). Hardware development, its 
operational performance, and details of the flight op- 
erations are discussed in reference 11. Because of 
the restricted time available for this project, certain 
constraints were imposed to assure that delays as- 
sociated with the weather and hardware develop- 
ments would be minimized. The consequences of 
these constraints led to the following hardware de- 
cisions: for seeding, propylene glycol vapor was gen- 
erated, rather than relying on atmospheric moisture; 
for light-sheet generation, a mercury-arc lamp with 
appropriate optics was used; and for image record- 
ing, a low-light-level video camera with a videocas- 
sette recorder (VCR) was employed. Figure 4 shows 
a photograph of the aircraft with the various systems 
and their locations depicted. 

This report provides the basic visual data, already 
summarized in references 12 and 13, in order to ex- 
plore more extensively the effects on the vortex sys- 
tem of changing Reynolds number and Mach num- 
ber over an angle-of-attack range. The vortex core 
characteristics of diameter and location are of par- 
ticular interest since the vortex system generated by 
this round-edged and cambered wing is likely to be 
more diffuse than for a sharp-edged wing. Image- 
enhancement technology was applied to the visual 
data .in order to assist in determining these and 
other vortex-system internal details and boundaries. 
Furthermore, selected time-history plots (from 
ref. 11) of pertinent flight-test parameters, associ- 
ated with significant data segments, are provided for 
completeness. 


Symbols 

BL butt line on aircraft, in. (see fig. 5) 

C r root chord, ft 

c reference wing chord, 23.75 ft 

d distance along leading edge to probe 

tip from wing-fuselage juncture, in. 

FS fuselage station on aircraft, in. (see 
fig. 5) 

g load factor normal to longitudinal axis 

of aircraft 

LE leading edge 

l inboard distance to vortex core from 

leading edge along light-sheet foot- 
print, in. (see fig. 30) 

M Mach number 

m inboard distance to inner edge of 

vortex-system envelope from leading 
edge along light-sheet footprint, in. 

(see fig. 30) 

p static pressure of free stream, lb/ft 2 

Rn Reynolds number, 1.232 cpM[(T + 

216)/T 2 ]10 6 (ref. 14, eq. (23)) 

r perpendicular distance from leading 

edge to probe tip, in. 

s distance from center of probe tip to 

wing surface, in. 

T absolute temperature, °R 

TE trailing edge 

WL waterline on aircraft, in. (see fig. 5) 

z vertical distance to vortex core above 

upper surface, in. (see fig. 30) 

a angle of attack, deg 

Description of Aircraft and Flight-Test 
Program 

Aircraft 

The F-106B aircraft is a two-place supersonic all- 
weather interceptor. It has an area-ruled fuselage, 
has a 60° delta-like wing of aspect ratio 2.20 (based 
on a theoretical span of 39.16 ft), and uses elevons in- 
stead of a conventional aileron-elevator arrangement, 
as shown in figure 5. The aircraft wing is based on 
a modified NACA 0004-65 airfoil (streamwise) cou- 
pled with conic-like camber from the leading edge to 
80 percent of the local semispan. Actual thickness- 
to-chord ratios specified for this wing section are 
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3.89 percent at the aircraft centerline and 3.47 per- 
cent at 82 percent of the semispan, with the corre- 
sponding streamwise leading-edge radii of 0.717 in. 
and 0.113 in. These radii correspond to radius-to- 
chord^ratios of 0.17 and 0.13 percent. (Values of 
the thickness-to-chord and leading-edge radius-to- 
chord ratios at other spanwise locations are not doc- 
umented; hence these precise spanwise variations are 
not available.) The aircraft used in this experiment 
was highly instrumented to measure and record on- 
board parameters associated with the vapor-screen 
system, the aircraft motion, and the surrounding 
environment. 

It should be noted that the aluminum-skinned 
wing of the F-106B remained unpainted during this 
flight program because the initial emphasis was on 
the development of the various systems. The con- 
sequence of having unwanted reflected light (glare) 
off the wing was considered to be insignificant with 
respect to the visual data to be obtained. This as- 
sumption is examined subsequently. 

Flight-Test Program 

The aim of the flight-test program was to exam- 
ine the effects on vortex systems of Reynolds num- 
ber and Mach number over an angle-of-attack range. 
Variations of Reynolds number with angle of attack 
were accomplished by flying a 1 g deceleration ma- 
neuver, mostly near M = 0.4, at altitudes decreas- 
ing from 35 000 to 15 000 ft in 5000-ft increments. 
However, the Mach numbers associated with tran- 
sonic maneuvering (at load factors between 4 g and 
5 * 7 ) at a constant altitude were impossible to sustain 
because this aircraft is thrust limited. Thus, these 
transonic maneuvering tests had to be made dur- 
ing a spiral descent with the afterburner on. The 
Mach number generally reached was between 0.7 
and 0.8 for a m 19°. For all maneuvers, the best 
vapor-screen contrast was obtained by flying at night 
with the Moon down. Operational procedures led 
to an angle-of-attack variation of ±0.5° during data 
taking. 

During the flight test several parameters associ- 
ated with the vapor-screen system were varied from 
flight to flight to determine their effect on the visual 
data. These test parameters include the probe-tip lo- 
cation and light-sheet width. The former appears in 
the data figures directly, whereas the latter is given 
in terms of the light-sheet box slit-width opening. 
There were six probe-tip locations, as shown in fig- 
ure 6, and three light-sheet widths. At the wing lead- 
ing edge the widths were 0.18, 0.75, and 1.50 in., cor- 
responding to light-sheet slit widths of 0.003, 0.012, 
and 0.041 in., respectively. (The height of the light 
sheet at the wing leading edge was a constant 34 in. 


measured perpendicular to the upper surface.) A 
more complete discussion of the flight-test program 
is given in reference 11. 

Basic Video-Image Results 

General 

Video Orientation 

Because almost all published vapor-screen 
photographs are taken from either the rear or the 
side, figure 7 has been prepared to help orient the 
reader to the basic visual record generated by the 
front-mounted, aft-looking video camera used in this 
flight test. The left-hand portion of figure 7 shows 
the arrangement of the light sheet, video camera, and 
seeding probe on a plan- view sketch of the aircraft. 
This figure also shows the camera field of view, which 
is highlighted on the right-hand portion in terms of 
the monitor image. Towards the top is the wing trail- 
ing edge, intersecting the right side is the wing lead- 
ing edge, and across the lower left corner is a portion 
of the fuselage. In the middle of the image, parallel 
to the trailing edge, is a line depicting the light-sheet 
footprint. Note that it does not extend to the lead- 
ing edge because of wing camber. The wing outline 
was not visible at night (except with afterburner on); 
nevertheless, the vortex system could be seen above 
the wing upper surface since the concentrated, con- 
densed vapor scattered or reflected the light provided 
by the sheet. 

This figure also shows the plane of the light sheet 
to be 11.2° ahead of perpendicular to the aircraft 
longitudinal axis and to cross the leading edge ahead 
of the wing slot. This location was chosen in order 
to study the classical delta-wing vortex system. The 
light for the sheet is generated in the light-sheet 
box (see fig. 4) and projected downward onto a 45° 
mirror to produce a sheet oriented perpendicular to 
the upper surface of the wing. 

Video Data Development 

The video data were recorded in black and white 
from which the original set of photographed images 
was generated. Each image had associated with it 
a set of vapor-screen and aircraft test conditions, 
including angle of attack, altitude, Mach number, 
and Reynolds number. However, since the images 
were recorded with a VCR at a rate of 30 frames/sec 
and each data point was held for about 10 sec, there 
was a group of images with little difference in picture 
content (i.e., stable flow) at essentially the same test 
conditions. Therefore, it was decided to select one 
of these images off the monitor with the “brightest 
reflection” for photographing. It is these images 


3 



which form the basic (i.e., qualitative) video data 
from the flight test. 

The phrase “brightest reflection” refers to the 
consequence of the light-sheet operation. The in- 
tended mode of operation was to be continuous but it 
was determined, because of the occurrence of an elec- 
trical fault, that an intermittent operation produced 
a brighter reflection. Furthermore, a brief illumina- 
tion of the light sheet was sufficient for image view- 
ing, since the video data were being recorded. Thus, 
it was decided to operate the sheet in an intermittent 
mode. 

To obtain quantitative information about the vor- 
tex system, a grid composed of 6-in. squares, laid out 
on a 4- by 8-ft plywood sheet, was recorded in day- 
light with the camera in its flight position. This took 
place with the grid positioned along the light-sheet 
footprint, perpendicular to the wing upper surface 
and extending to the leading edge. The grid was then 
traced onto plastic off the monitor face in order to 
establish a scale to measure details about the leading- 
edge-vortex system. Though data have been devel- 
oped in this manner and reported in references 12 
and 13, the accuracy of the results is much better 
for the external extent of the envelope than for the 
internal details, particularly the core location. 

Core Location Defined 

The process of quantifying the vortex-system en- 
velope from the video flight records is straightforward 
if a VCR with freeze- frame capability, a monitor, and 
a grid is used. What was not straightforward was the 
determination of the core location, since this round- 
edged, cambered wing seemed to develop a more dif- 
fuse vortex system devoid of a “classical” core. The 
reason to support the existence of a core for this vor- 
tex system is based on the hypothesis that if no core 
were present, the distribution of reflective particles 
would be nearly uniform throughout. Since there 
was a variation in the distribution of reflective parti- 
cles within the vortex system, a core is said to have 
existed. 

The core location is defined (for both black-and- 
white and enhanced images) as occurring within the 
vortex envelope where a spot existed about which 
both the light scattering or reflection was the bright- 
est (i.e., highest concentration of reflective particles) 
and the system rotated. This is different than what 
happens when seeding with water particles. There 
the identification process for the core uses thermo- 
dynamics, in particular vaporization within the core 
(if the pressure is low enough or temperature high 
enough) and condensation on the boundary. How- 
ever, this does not work nearly as well for the con- 
densed propylene-glycol-vapor particles since they 


are much slower in vaporizing than water due to 
glycol having a much lower vapor pressure at the 
temperatures of interest. Furthermore, these glycol 
particles are about 6 pm in diameter, have a density 
approximately that of air, and diffuse slowly. These 
factors result in the particles being involved in the 
simple process of following the local flow, which 
in turn leads to a particle concentration in the 
core region (because of inflow) and, upon illumina- 
tion, a bright reflection (private communication from 
Robert A. Bruce, NASA Langley Research Center). 

One unexpected result from this flight test was 
the occurrence of multiple large-scale corotating vor- 
tices on the left wing panel ahead of the leading-edge 
slot. This consistently occurred when seeding was 
from probe- tip location 1. Since the vortex system 
at the leading edge was of fundamental interest — it 
being the only one which grew in size with increas- 
ing angle of attack — -then the spot within its envelope 
was chosen to be the core location. Thus, the docu- 
mented results presented herein focus on the outer- 
most vortex system — the leading-edge one — and its 
core. 

The present results showing multiple vortices are 
recognized to be in contrast with the abundance of 
published vapor-screen photographs of sharp-edged 
wings, regardless of scale, which show the wings to 
have a single primary vortex system and a classical 
core. However, it should be remembered that the 
photographic results presented herein may be con- 
sidered as a first opportunity to observe the effects 
of full-scale Reynolds number on the vortex system 
generated by a round-edged, cambered, swept wing. 

Discussion of Images 

The sensitivity of the recorded vortex-system im- 
ages to variations in the vapor-screen and flight pa- 
rameters is discussed in this section. 

Vapor-Screen Parameters 

Effect of probe-tip location. The location of the 
seeding probe tip is critical to the entrainment of va- 
por into the vortex system, as shown by the recorded 
images in figure 8(a) at a = 19°. (Slit-width open- 
ing is 0.041 in.) The locations of the four probe tips 
cited in this figure are given in figure 6 in terms of 
distance perpendicular to the leading edge and dis- 
tance along it from the wing-inlet juncture. Upon an 
examination of these photographs, it is evident that 
only a small part of the vapor dispensed from probe 
locations 4 and 5 was entrained into the leading- 
edge vortex system. Moreover, that vapor which 
was entrained revealed the faint image of multiple 
vortices (see fig. 8(b)), similar to the more distinct 
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dual vortices of probe 1. Since one of the main fo- 
cuses of this investigation was the vortex core region, 
a higher level of vapor entrainment than that pro- 
vided by probes 4 and 5 is needed in order to supply 
more flow details. This can be accomplished by us- 
ing probe location 1, but location 6 is also a viable 
possibility. (The vortices to be discussed are those 
outboard since those inboard, near the fuselage, are 
not completely defined by this vapor-screen system.) 

Just entraining more vapor was no guarantee that 
what was seen faintly would be made more visible, 
as evidenced by the single leading-edge vortex in the 
photograph associated with probe 6. Thus, although 
it is not surprising that the probe-tip location could 
cause the vapor to be entrained in different parts 
of the upper-surface flow, it is surprising that a dif- 
ferent leading-edge vortex system would be shown 
in figure 8 once sufficient entrainment occurred. 
Furthermore, the difference was not trivial, since one 
image (for probe 6) shows the anticipated single vor- 
tex while the other (for probe 1) shows two vortices. 
Therefore, an understanding is sought as to the cause 
of the difference. 

One key factor must be the seed-particle tra- 
jectory, which is dependent on the aircraft local 
flow in the probe region — principally associated with 
whether the probe tip is ahead of or behind the at- 
tachment line — and on the probe orientation. How- 
ever, even if these details are unknown, the major is- 
sue concerning the number of vortices can be settled 
because, at a high enough value of a, all videotape 
data show only a single primary leading-edge vortex 
present. Based on this knowledge and a reexamina- 
tion of the videotape data for probe 6 at a = 17° and 
18°, the difference can be resolved in that these data 
showed multiple vortices to exist at a = 17° and 18° 
but only a single vortex existed at a = 19°. Hence, 
this probe location did not behave fundamentally dif- 
ferent than the others; it only caused the merging of 
multiple vortices into a single vortex at a slightly 
lower value of a than did probe 1. 

The conclusion, then, is that this wing devel- 
ops both multiple and single leading-edge-vortex sys- 
tems, and the probe location affects the angle of at- 
tack at which the multiple vortices merge into a single 
one. Furthermore, from figure 8 it is learned that the 
probe should be located on the lower surface, about 
7 to 8 in. inboard and perpendicular to the leading 
edge, and not too far forward or else little entrain- 
ment will occur and, hence, marginal information 
will be generated about the vortex system. However, 
moving the probe tip to a forward location gives the 
most vortex-system detail for both the 1 g level de- 
celeration and the high- 3 spiral descent. Probe-tip 
location 6 was the best compromise for both maneu- 


vers; hence, black-and-white photographs associated 
with this location were the ones studied to determine 
the effects of the various test parameters. 

Effect of slit-width opening. This study centered 
on establishing a balance between two conflicting 
aspects of the mercury-arc lamp light-sheet system, 
which are light-sheet illumination and thickness. The 
first is associated with the generation of sufficient 
lumens in the light sheet and requires a large slit 
opening, and the second is to be minimized in order 
to create a sheet thin enough to reveal the system 
details and requires a small opening. 

Figures 9(a) to 9(h) show the vortex system im- 
ages over the angle-of-attack range from 16° to 23° at 
nominal altitudes of 25 000 and 35 000 for slit widths 
of 0.041 and 0.012 in. with probe-tip location 6 dur- 
ing a 1 g maneuver. The associated time-history plots 
of pertinent flight parameters are presented in fig- 
ures 10 and 11 for the larger slit opening and in fig- 
ures 12 and 13 for the smaller slit opening. (See 
ref. 11 for a description of how the time-history plots 
were developed.) No results are reported for the third 
slit width, which was the smallest at 0.003 in., be- 
cause its uncentered mounting in the optical train 
(see ref. 11) produced insufficient light in the sheet 
during flight. With respect to the visual-data figures, 
it should be noted that since the probe location was 
the same for both openings, any image change — other 
than that due to the expected illumination intensity 
change — is attributed to small but measurable differ- 
ences in the nominal test conditions, primarily angle 
of attack. (Refer to the Video Data Development 
section for an explanation as to how the images pre- 
sented herein were acquired.) 

Figure 9 shows, in general, that at both altitudes 
the same global features were identified. However, 
there were specific differences which are discernible; 
for example, at a = 18° and an altitude of 25 000 ft 
the smaller opening better illuminated the other vor- 
tex shown in the middle of the picture. Furthermore, 
it is clear that for a > 18° the wider opening did pro- 
vide more lumens for vapor particle reflection in the 
vortex, as indicated by the larger area of white. In 
this same angle-of-attack range at 25000 ft, other 
image differences are noted in that for the smaller 
opening the outboard vortex was slightly smaller and 
a larger amount of vapor was illuminated inboard. 
The outboard feature was dependent on angle of at- 
tack and leads to the tentative conclusion that the 
actual values of aircraft angle of attack, associated 
with the video frames from which these photographs 
were made, were greater for the larger opening than 
for the smaller one. This is reexamined subsequently 
with the enhanced images. 
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The effect of slit width was also examined for 
flights during high-# maneuvers, as shown in fig- 
ure 14. Therein the details of the vortex systems 
are compared at a ^ 19° for the 1# and high-# ma- 
neuvers, which occurred at Mach numbers of roughly 
0.4 and 0.7, respectively; and figures 15, 16, and 17 
provide the time-history plots for M & 0.7. The 
photographs in figure 14 were taken for the same 
two slit widths, and the high-# maneuvers were done 
both to the left and to the right to help determine 
if the results were biased due to centrifugal force 
effects. The basic conclusions from figure 14 are 
that with either slit width the vortex system ap- 
pears similar under the same maneuver conditions 
and there were no appreciable centrifugal force ef- 
fects. This is obvious at 1 # but not so for the high- 
# maneuver. The images recorded for the latter 
show a “classical” core or void region to be visible 
only with the 0.012-in. opening. However, the lo- 
cation of that void region compares favorably with 
the core for the 0.041-in. slit width, obtained by 
application of the core location process described 
previously. Hence, a tentative confirmation of the 
location process exists. Since there was only one im- 
age which displayed a classical core for the entire 
flight program, no other comparisons of this type are 
possible. 

Based on the preceding, it is clear that follow- 
on flight tests can use the 0.012-in. slit width to 
obtain acceptable visual data, even though most of 
the visual data taken during this test were with a 
slit-width opening of 0.041 in. (There were only three 
flights with the smaller openings, one at 0.012 in. and 
two at 0.003 in.) 

Effect of light-sheet reflection from the wing. 
Vapor-screen models tested in wind tunnels are 
painted flat black to minimize the consequence of 
having reflected light illuminate the vortex at an un- 
desirable location or produce a glare in the camera. 
For the present study the wing was not painted, and 
this is shown in figures 8, 9, and 14 to have had 
no significant consequences. Furthermore, just as as- 
sumed, the unpainted wing did not interfere with the 
recording of the vortex-system details for this flight 
program. However, an initial inspection of one image 
in figure 14, associated with the 0.012-in. slit width 
at the high-# maneuver, indicates it has a reflection 
or glare problem at the lower left side which might" 
be attributed to the unpainted aircraft. Yet a closer 
inspection shows the glare did not come from a wing 
reflection but instead from the light reflecting off the 
condensed vapor. Regardless, painting the wing up- 
per surface flat black may be desirable in future flight 


tests, so it is recommended that it be done to help 
prevent any unwanted light capture. 

Flight Parameters 

It needs to be understood that in a flight program 
the effects of Mach number, Reynolds number, angle 
of attack, lift coefficient, and load factor are difficult 
to isolate exactly without an extensive test matrix. 
The flight test reported herein was based on a limited 
test matrix which resulted in the effects of certain 
parameters being masked individually because they 
appeared in combination with others. Therefore, all 
succeeding sections reporting on the effects of flight 
parameters need to be read from this perspective. 

Effects of Reynolds number and lift coefficient. 
Figures 18(a) to 18(h) display the vapor-screen im- 
ages obtained with probe-tip location 6 and a slit- 
width opening of 0.041 in. for subsonic speeds over a 
Reynolds number range (associated with altitudes of 
20000, 25 000, 30000, and 35 000 ft) and an angle- 
of-attack range. The affiliated time-history plots for 
these altitudes are given in figures 19, 10, 20, and 
11. Unfortunately, the Reynolds number could not 
be maintained at a constant value for any of these 
altitudes, in part because the altitude could not be 
held constant for the 1# maneuver; hence, these al- 
titudes only serve as nominal values. The 1# ma- 
neuver started near the nominal altitude at a mod- 
erate angle of attack for trimmed flight. Then, as 
angle of attack was increased, the thrust was ad- 
justed to maintain altitude until the military power 
setting was reached after which, with angle of attack 
and drag still increasing and thrust not, a gradual 
descent commenced. This caused the altitude and 
Mach number to decrease, and since the speed was 
falling faster than the atmospheric density was in- 
creasing, the Reynolds number also decreased. How- 
ever, this does not prevent the effect of Reynolds 
number from being examined for these images; it only 
means that the range of Reynolds numbers to be con- 
sidered is relative to the images at a particular angle 
of attack. 

An examination of figure 18 shows the primary 
Reynolds number effect was associated with the flow 
around the round leading edge. For example, at 
a == 18°, figure 18(c) shows that at Rn = 28 x 
10 6 , which corresponds to the highest altitude, the 
leading-edge vortex was well established, but it was' 
not discernible at Rn = 32 x 10 6 . Between these 
extremes, progressively smaller leading-edge vortices 
were observed with increasing Reynolds number. 
These photographs indicate that the leading-edge 
vortex was first clearly visible at a = 19° for the 
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highest Reynolds number. This delay in vortex vi- 
sualization has been attributed in reference 12 to 
the lack of leading-edge separation at the higher 
Reynolds number, as would be expected for round- 
edged wings. However, a reexamination of the lower- 
altitude videotape data for the smaller values of a 
can lead to an alternate conclusion, one in which 
the effects previously associated only with increas- 
ing Reynolds number may involve other parameters. 
This is possible because it is extremely difficult in a 
flight program, even a research one, to have only a 
single parameter change at a time. In particular, the 
issue centers on what parameter(s), besides Reynolds 
number, could change sufficiently at a fixed angle of 
attack and decreasing altitude to cause a decrease in 
the vapor entrained in the vortex and a reduction in 
its size. 

Both of these effects make the leading-edge vortex 
difficult to see and are associated with the location 
of the lower-surface attachment line. Since this line 
is generally not very sensitive to Reynolds number, 
its primary dependence is sought. The obvious an- 
swer is angle of attack, but that value is being held 
essentially constant for each figure. A related answer 
is lift coefficient, since it is dependent on angle of at- 
tack as well as Mach number and controls the vortex 
strength, which affects both vortex size and vapor 
entrainment. Though lift coefficient is not calculable 
because the instantaneous total weight value is not 
available during or after flight, what is known is that 
the 1 g maneuvers were done in the order of decreas- 
ing nominal altitude. Hence, the associated begin- 
ning fuel weight decreased as the nominal altitudes 
declined from 35 000 to 20 000 ft, and the average 
value of Mach number required to maintain 1 g during 
a maneuver was reduced from 0.43 to 0.31. The as- 
sociated lift-coefficient reduction was not great; how- 
ever, it may have been enough at the lower values of a 
and altitudes to be a major contributor to the genera- 
tion of a slightly weaker vortex — one having a smaller 
size and developing less entrainment. So what had 
been initially identified only as a Reynolds number 
effect has been expanded to include the effect of lift 
coefficient. For a > 19°, the leading-edge vortices 
are shown in figure 18 to have been of appropriate 
strength (and size) to entrain adequate vapor for vi- 
sualization at all Reynolds numbers and associated 
lift coefficients. 

As an aside, a reexamination of the videotape 
data for lower angles of attack showed there existed 
three to four weak vortices for both a ~ 17° at 
25 000 ft, Rn = 31 x 10 6 , and M = 0.37 (see 
fig. 18(b)) and a = 18° at 20000 ft, R n = 32 x 10 6 , 
and M = 0.32 (see fig. 18(c)). This is interesting 
and gives added credence to the importance of lift 


coefficient in the generation of vortex systems in that 
one can estimate the two effects of increasing angle 
of attack and decreasing Mach number to yield a 
similar value of lift coefficient and, hence, a similar 
flow situation. However, it should also be noted that 
the Reynolds numbers for these two situations were 
almost the same, and this too could have contributed 
to the flow similarity. 

The occurrence of more than one vortex of the 
same rotational sense on the same wing panel (based 
on the video visual cues) is an unexpected vortex 
flow feature which is Reynolds number dependent 
and is somewhat discernible in figure 18(b). This is 
more clearly shown after image-enhancement tech- 
niques are applied to the photographs associated 
with probe-tip location 1; therefore, a discussion of 
this feature is delayed until that section. 

Effect of Mach number . The effect of Mach 
number cannot be totally isolated from the change in 
load factor in figure 21, since both increased for the 
transonic maneuver. However, based on wind-tunnel 
tests, an expected change would be for the vortex 
core to move to a more inboard location with a Mach 
number increase (ref. 15). This figure is obtained by 
tracing the vortex envelopes, single or dual, off of 
black-and-white photographs (fig. 14 bottom center 
and fig. 9(c), respectively) and estimating the core 
locations, as described previously. Figure 21 shows 
that at a ^ 18°, for the two maneuvers flown, 
doubling the Reynolds number by increasing the 
Mach number did not delay the formation of the 
leading-edge vortex, as might be anticipated. Hence, 
the more inboard extents of the envelope and core 
are attributed to the Mach number doubling and the 
load factor difference. The latter will be manifested 
as aeroelastic effects. 

Enhanced-Video-Image Results 

General 

Image-enhancement techniques were applied to 
the videotape images to help quantify some of the 
global properties of the vortex system, particularly 
the core location. This was needed because of two 
major deficiencies associated with use of the previ- 
ously described video data development for black- 
and-white images. The first deficiency deals with 
the wrong comparative answer being obtained when 
a group of photographs is examined. This can occur 
if the setting for monitor brightness is changed sig- 
nificantly during the photographic session, thereby 
resulting in a “ballooning” effect produced for the 
white part of some images but not others. The sec- 
ond deficiency is due to the subjective nature of es- 
tablishing details within the vortex envelope when 
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one relies on visual cues from the monitor, rather 
than on a more objective procedure associated with 
using a still image. Both deficiencies were overcome 
through image enhancement. 

The image processing laboratory (TIPL) at the 
NASA Langley Research Center, described in refer- 
ence 16, was the system utilized to obtain enhanced 
images. The steps employed in going from the video 
data to enhanced images are as follows: 

1. Digitize the videotape frames in real time 
(30 frames/sec), converting the visual information 
into a matrix of integer gray-level values (ranging 
from 0 to 255) representing the brightness of the im- 
age at each picture element (pixel); this brightness 
can be processed by the computer. This digital image 
(512 x 512 pixels) is then stored onto the real-time 
disk. 

2. Select the image having the brightest reflection 
from the images at a given test point stored on the 
disk. 

3. Save that image as a named file. 

4. Use a lookup table to apply pseudocolor to 
the black-and-white image, making subtle changes 
in particle concentration more evident. 

5. Convolve (with a low-pass filter) each saved 
image to smooth out the graininess induced by digi- 
tizing low-contrast images. 

6. Use the lookup table to black out pixels in the 
image with gray-level values within a range selected 
by the use of a trackball, thereby establishing contour 
lines of constant particle concentration. 

7. Save the lookup table for each image. 

8. Transmit both the lookup table and the image 
to a film recorder\to convert the enhanced digital 
image back into a photographic medium (Polaroid 
photographs or negatives). 

For images in which quantitative information was 
desired, such as core location and inner extent of the 
vortex envelope, a grid was added to the previously 
developed image so that when the photographic neg- 
ative was made it contained its own scale. This grid 
was obtained by correlating the image of the physical 
grid, described previously, with the enhanced image 
through the use of a warping board. (See ref. 17.) 
Then step 8 above was implemented to obtain a per- 
manent record. 

Discussion of Enhanced Images 

Effects of Multiple Vortices and Reynolds 

Number 

During the flight test at lg and subsonic speeds, 
large-scale multiple vortices were recorded via the 
black-and-white video camera. Their appearance 


was indicated by the concentration of reflective va- 
por at more than one location, the assumption being 
that one vortex exists per concentration. This phe- 
nomenon was also noted to occur at many test points 
rather than just as an isolated example, especially 
for probe-tip location 1. However, it was not un- 
til image-enhancement techniques were applied that 
the internal details of these concentrations became 
discernible. 

Figure 22 shows clear evidence of the enhanced 
images at a = 17° and 20° having three and two 
vortex core regions, respectively. It is also clear that 
at a — 20° the vortices had the same rotational 
sense (i.e., corotating) above the left-wing panel (as 
viewed from the front) since they are both leaning 
in the same direction. It should be further noted 
that no large-scale multiple vortices have been previ- 
ously reported from other flight tests or observations, 
though reference 18 reports a dual- vortex result for a 
round-edged 65° cropped delta wing at a = 20° and 
M = 0.85 from an Euler code. This is the only known 
computational fluid dynamics (CFD) multiple-vortex 
solution for wings with swept leading edges. Further- 
more, the dual-vortex result at a = 20° differs from 
the result obtained in the Langley 30- by 60-Foot 
Tunnel (ref. 12) in that in the wind-tunnel test of 
the F-106B half- aircraft model only a single vortex 
was found to exist, as shown by the photograph in fig- 
ure 23. The region photographed was above the left 
wing (as viewed from an aft-mounted video camera) 
in a test setup which had the probe tip in essentially 
the same location as that for probe 1 in the flight 
test. 

In flight, single leading-edge vortices were found 
to occur at the higher test angles of attack at all 
altitudes. However, the angle of attack required 
for the single-vortex occurrence was a function of 
altitude (or Reynolds number), in that at the higher 
altitudes (lower Reynolds numbers) the vortex was 
formed at a lower angle of attack. In retrospect, 
it is understood that the wind-tunnel result was 
consistent with the flight result, because the wind- 
tunnel Reynolds number (12 x 10 6 ) was about half 
of the lowest flight value. 

Effects of Test Conditions on Vortex System at 

an Altitude of 25 000 Ft 

Figures 24 to 27 contain enhanced images 
obtained for a nominal altitude of 25 000 ft at a 
variety of test conditions relating to probe-tip lo- 
cation, slit-width opening, and intermittent or con- 
tinuous light-sheet operation. The associated flight- 
parameter time histories are presented in figures 28, 
29, 10, and 12. Figure 30 summarizes the vortex 
features of envelope inboard extent m, core lateral 


8 



location /, and core height above the wing 2 , for the 
outboard vortex for these four flight serials. (A flight 
serial is one particular maneuver during a flight and 
is denoted herein by the integers yy in 85-xxx/yy, 
where the flight number is 85-xxx; however, in this 
paper the term “flight serial,” or just “serial,” will 
refer to the entire number.) 

Figure 30 shows each feature to have a generally 
increasing trend with a, though z is only a weak func- 
tion of a, for all serials. Furthermore, this figure 
shows there exists considerable data scatter for each 
feature between serials at a fixed value of a. The 
maximum values of the scatter are 16, 10, and 5 in. 
for m, /, and 2 , respectively, with an accuracy of 
±1 in. The individual results for serials 85-011/05 
and 85-012/06 provide an opportunity to reexam- 
ine a previous conclusion made in the discussion of 
the effect of slit width on the black-and-white im- 
ages of figure 9. The conclusion was that the ac- 
tual angles of attack for the images with the larger 
slit width (0.041 in. on 85-011/05) must have been 
greater than those for the images with the smaller 
opening (0.012 in. on 85-012/06), since the envelope 
was larger and since envelope size, in general, var- 
ied directly with a . Figure 30 lends some credence 
to the conclusion for the envelope feature principally 
at a = 18° and 19°; however, the remainder of the 
data lie nearly within the accuracy band. Further 
support comes from an examination of the data for 
the core lateral location at a = 19° and 20°. Be- 
yond these values of a the rest of these data gen- 
erally lie within the accuracy band. However, the 
core height data suggest that the higher values of 
a occurred during the test with the smaller open- 
ing rather than with the larger one. In summary, 
then, the previous conclusion about the angles of at- 
tack associated with the images for the 0.041-in. slit 
width being greater than those associated with the 
images for the 0.012-in. slit width opening cannot be 
conclusively confirmed through use of the enhanced 
images, though at a = 19° the conclusion seems to 
be correct. 

For serials 85-009/06a and 85-009/09 (from 
fig. 30), in which the only difference was the light- 
sheet operation, it appears possible, upon examina- 
tion of m, and 2 , that the actual angles of at- 
tack associated with the intermittent operation may 
be higher than those associated with the continuous 
operation by about 0.5°. This may not be surpris- 
ing when one considers the discussion in the Video 
Data Development section. However, the preceding 
is not necessarily conclusive because it is more diffi- 
cult to obtain accurate values for the vortex-system 
features, especially the core location, with the con- 
tinuous light-sheet operation because of the reduced 


amount of light emitted, and subsequently scattered, 
in that mode. Nevertheless, there appears to be 
enough consistent evidence to support the conclusion 
that there existed a difference in actual angles of at- 
tack between the two sets of results. This difference 
indicates a probable accuracy of 0.5° in the reported 
values of a for the vortex-system features. 

With this in mind a reexamination of figure 30, 
in which only the intermittent light-sheet data are 
considered, is in order. The maximum values of the 
scatter for this condition are 8, 8, and 3 in. for m, 
/, and 2 , respectively, which is a great improvement 
in m but only a slight improvement in l and z when 
the data accuracy of ±1 in. is considered. However, 
it is apparent from this figure that below a = 22° 
the data are in even closer agreement, with the 
maximum scatter for m and l being limited to 6 and 
5 in., respectively. Hence, the intermittent results 
compare fairly well, even when some are determined 
from the outer vortex of a dual system rather than 
from a single- vortex system. Furthermore, a general 
conclusion from all the intermittent results is that 
they only agree completely at a = 21°. 

With regard to the variation of the vortex- 
system features with angle of attack for the same 
slit-width opening but for different probe-tip loca- 
tions, figure 30 shows both m and l to behave 
similarly. In particular, probe-tip location 6 re- 
sults (serial 85-011/05) are generally more inboard 
for a < 22°, while those for probe-tip location 1 
(serial 85-009/06a) are more inboard for a > 22°. In 
general, the more inboard results for probe location 6 
are likely due to the probe location 1 measurements 
being made on the outer vortex of the dual-vortex 
set, which finally does merge around 21°. Another 
factor to consider for a > 21° is that the actuaban- 
gles of attack for serial 85-009/06a may be slightly 
higher in this range. A comparison of figures 28 and 
10 shows this to be possible. 

Effects of Lift Coefficient and Reynolds Number 

on Vortex Systems 

Lift coefficient has been identified as an impor- 
tant parameter, along with Reynolds number, in the 
previous section on black-and-white visual images; 
however, the coefficient values are not known. This 
limits their usefulness in the following discussion to 
only a global implication. That is, a higher lift coef- 
ficient will most likely be generated at 35 000 ft than 
at 25000 ft at the same value of a because of the 
higher fuel weight present and higher Mach number 
required for the 1 g maneuver. Notwithstanding the 
preceding, this section examines enhanced images to 
look for Reynolds number effects on the vortex en- 
velope and core over an angle-of-attack range from 


9 



17° to 23°. The data used are from figures 31 and 
32 for a nominal altitude of 35 000 ft and from fig- 
ures 26 and 27 for a nominal altitude of 25 000 ft. 
Angles of attack and Mach numbers are similar for all 
four figures. The data have been summarized in fig- 
ure 33. (The associated time-history plots are given 
in figs. 10 to 13.) In figure 33 it is shown that, in gen- 
eral, the inner extent of the vortex-system envelope 
and the lateral core location are more inboard at the 
lower Reynolds number (i.e., higher altitudes). Also, 
at the lower altitude, the envelope and core tend to 
be more monotonic in their growth with angle of at- 
tack. It is interesting to note that at 20° and 21° the 
results seem to coalesce, after which the measure- 
ments corresponding to the higher Reynolds number 
(i.e., lower altitudes) have a significant slope change, 
indicating the occurrence of a vortex-sensitive event 
by a — 22°. Figure 33 shows the core elevation to be 
insensitive to changing Reynolds number. 

For comparison, reference 12 reports that during 
the F-106B half-aircraft test at a = 20°, M — 0.1, 
and Rn = 12 x 10 6 a similar flight-sized vortex 
envelope and lateral core, location were developed. 
However, the core elevation was about 4 in. higher in 
the Langley 30- by 60-Foot Tunnel test. 

In summary, the combinations of increasing lift 
coefficient and decreasing Reynolds numbers at a 
fixed angle of attack yield vortex systems which have 
their core lateral locations and inner extent of the 
envelope more inboard. 

Vortex Breakdown 

Vortex breakdown is often stated to occur when 
there occurs a sudden “trumpeting” or “ballooning” 
of the vortex core at a fixed longitudinal location with 
only a small change in a test variable, usually angle 
of attack. From an examination of all enhanced im- 
ages contained in figures 24 to 27 and 31 to 32 — with 
special emphasis on the results for higher angles of 
attack — -the prevalent conclusion is that core vortex 
breakdown has not occurred at the light-sheet station 
over the test angle-of- attack range. This conclusion 
is based on the supposition that breakdown would 
be manifested in these images as a large inner re- 
gion with the same color, associated with the pixels 
having the same gray-level values, representative of a 
uniform distribution of reflective particles. The pre- 
ceding is not shown in these figures. Instead what is 
observed is a small region of the brighter colors at the 
higher test angles of attack, an indication of particle 
concentration in or around a coherent vortex core. 

If vortex core size is regarded as a function of an- 
gle of attack, it should be realized that the large core 
observed at the lower values of a is not associated 
with vortex breakdown, but instead is the product 


of the diffuse vorticity produced by this round-edged 
wing. Therefore, a concentrated core could reason- 
ably be expected to be delayed in forming until the 
higher values of a. 

Conclusions 

The vortex flow above an F-106B aircraft wing 
has been examined through use of the vapor-screen 
and image-enhancement techniques. With these 
techniques the following conclusions have been 
determined: 

1. The seeding probe- tip location is critical to 
seeding the vortex system for illumination and visual 
recording. Moreover, most probe-tip locations used 
in this investigation entrain particles in multiple 
vortices at and below angles of attack of 19°. An 
exception is the forward, lower surface probe-tip 
location, (probe location 6) for which the multiple 
vortices have already merged into a single vortex at 
this test condition. 

2. A slit-width opening of 0.012 in. is sufficient 
for the light sheet to illuminate the vortex-system 
details. 

3. Painting the wing upper surface flat black for 
future flight tests may help to minimize the already 
small amount of light-sheet reflection (glare) off the 
aircraft wing. 

4. Increasing the Reynolds number and decreas- 
ing the lift coefficient can reduce significantly the 
amount of vapor entrained in the leading-edge vortex 
below an angle of attack of 20°. 

5. During the transonic maneuver, increasing the 
Mach number and the load factor produces a well- 
defined vortex system which is larger and more in- 
board than that for the constant-altitude 1 g flight. 

6. Dual large-scale corotating primary vortices 
have been found to exist at the higher flight Reynolds 
numbers. 

7. A tentative conclusion, based on the black- 
and-white images, which states that the actual angle 
of attack associated with the 0.041-in. slit width is 
larger than that for the 0.012-in. opening cannot be 
conclusively confirmed from the enhanced images. 

8. It appears to be possible that the actual an- 
gles of attack for the intermittent light-sheet oper- 
ation may be higher than those for the continuous 
operation by about 0.5°. 

9. All results for intermittent light-sheet opera- 
tion compare fairly well, even when some are deter- 
mined from the outer vortex of a dual system rather 
than from a single-vortex system. 

10. The effect of the seeding probe-tip location on 
the vortex envelope and the core lateral location is 
that for an angle of attack less than 22°, the probe 6 
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results are generally more inboard than those for an 
aft probe location (probe location 1), while for higher 
angles of attack the results for probe 1 are more 
inboard. In large part the more inboard results for 
probe 6 are likely because the probe 1 measurements 
are made on the outer vortex of the dual- vortex set, 
which finally merges into a single vortex at an angle 
of attack around 21°. 

11. In general, the inner extent of the vortex 
system envelope and the lateral core location are 
more inboard at the lower Reynolds number and 
higher lift coefficients (higher altitudes). Also, at the 
lower Reynolds number, the envelope and core tend 
to be more monotonic in their growth with angle of 
attack. The core elevation is insensitive to Reynolds 
number change. 

12. Vortex breakdown does not occur at the light- 
sheet station for the tested combinations of angle of 
attack (up to 23°) and Reynolds number. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
April 11, 1988 
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Figure 1. Visualization of leading-edge vortex core on 74° delta wing with upward-deflected vortex flap at 
subsonic speed. 
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Figure 2. Strake vortex core visible on F-16 during low-speed maneuver. 




ORIGINAL FAGE IS 
OF POOR QUALITY 


Figure 3. Vapor-screen technique applied to Soviet research aircraft. (From ref. 10.) 
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Figure 4. F-106B flow-visualization elements. 
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Wing reference area 697.83 ft 
Wing reference chord 23.75 ft 





Figure 5. Three-view sketch of the F-106B aircraft. Dimensions are in inches. 
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(a) Probe tips. 

Figure 6. Seeding system probe-tip locations and probe external housings. 
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(b) External housings. 

Figure 6. Concluded. 
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Figure 8. Effect of probe-tip locations on vortex-system images and tracings. 1 g maneuver; M = 0.4°; altitude, 
25000 ft; a = 19°; intermittent light-sheet operation; slit width, 0.041 in. 




X 

<D 

tr a) 
o c 
> — 



LL 





c o 
be 

s 


21 


Figure 8. Concluded. 


M = 0.50 35 000 ft M = 0.50 



M = 0.40 25 000 ft M = 0.40 



.041 in. .012 in. 


Figure 9. Vortex-system images at two slit widths. 1 g maneuver; probe-tip location 6; intermittent light-sheet 
operation. 
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Figure 9. Concluded. 
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Figure 10. Time history of selected flight parameters for 1# maneuver at 25 000 ft (85-011/05). Probe-tip 
location 6; slit width, 0.041 in. 
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Figure 11. Time history of selected flight parameters for 1 g maneuver at 35 000 ft (85-011/03). Probe-tip 
location 6; slit width, 0.041 in. 
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Figure 14. Vortex system details for two maneuvers and slit widths, a rs 19°; altitude, 25000 ft; probe-tip 
location 6; intermittent light-sheet operation. 
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Figure 15. Time history of selected flight parameters at high-# during left spiral maneuver (85-011/08). Probe- 
tip location 6; slit width, 0.041 in. 
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Figure 16. Time history of selected flight parameters at high-# during right spiral maneuver (85-011/09). 
Probe-tip location 6; slit width, 0.041 in. 
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Figure 17. Time history of selected flight parameters at high-# during left spiral maneuver (85-012/09). Probe- 
tip location 6; slit width, 0.012 in. 
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intermittent light-sheet operation; slit width, 0.041 in. 
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Figure 18 . Continued. 
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Figure 18 . Continued. 
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Figure 18. Continued. 
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Figure 18 . Continued. 
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Figure 18. Continued. 
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Figure 18. Continued. 
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Figure 18 . Concluded. 
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Figure 19. Time history of selected flight parameters for 1 g maneuver at 20000 ft (85-011/06). Probe-tip 
location 6; slit width. 0.041 in. 
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Figure 20. Time history of selected flight parameters for 1 g maneuver at 30000 ft (85-011/04). Probe-tip 
location 6; slit width, 0.041 in. 
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Figure 22. Vapor-screen images without and with digital enhancement. M = 0.4; R n = 30 x 10 6 ; altitude, 
25 000 ft; 1 g maneuver. 
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20°; elevons, 5° trailing edge up; continuous light-sheet operation. 
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Figure 24. Vortex-system enhanced images for intermittent light-sheet operation. 1 g maneuver; 0.30 < M < 
0.40; probe-tip location 1; altitude, 25000 ft; slit width, 0.041 in. 
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(d) a = 20°. 
Figure 24. Continued. 
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(f) a = 22°. 
Figure 24. Continued. 
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(g) a = 23°. 
Figure 24. Concluded. 
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Figure 25. Vortex-system enhanced images for continuous light-sheet operation. 1 g maneuver; 0.30 < M < 
0.40; probe-tip location 1; altitude, 25000 ft; slit width, 0.041 in. 
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(d) a = 20°. 
Figure 25. Continued. 
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(e) a = 21°. 
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Figure 25. Continued. 
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(g) a = 23°. 
Figure 25. Concluded. 
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Figure 26. Vortex-system enhanced images for slit width of 0.041 in. and altitude of 25000 ft. lg maneuver; 
0.30 < M < 0.40; probe-tip location 6; intermittent light-sheet operation. 
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(d) a = 20°. 
Figure 26. Continued. 
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(f) a = 22°. 
Figure 26. Continued. 
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Figure 26. Concluded. 
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(b) a = 18°. 


Figure 27. Vortex-system enhanced images for slit width of 0.012 in. and altitude of 25 000 ft. \g maneuver; 
0.30 < M < 0.40; probe-tip location 6; intermittent light-sheet operation. 
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(d) a = 20°. 
Figure 27. Continued. 
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(f) a = 22°. 
Figure 27. Continued. 
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(g) a = 23°. 
Figure 27. Concluded. 
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Figure 28. Time history of selected flight parameters for 1 g maneuver at 25000 ft (85-009/06a). Probe-tip 
location 1; slit width, 0.041 in. 
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Figure 29. Time history of selected flight parameters for 1 g maneuver at 25 000 ft (85-009/09). Probe-tip 
location 1; slit width, 0.041 in. 
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Figure 30. Effect of probe-tip location, slit width, and light-sheet operation on vortex-system image charac- 
teristics. 0.30 < M < 0.40; 1 g maneuver; altitude, 25000 ft. 


Figure 31. Vortex-system enhanced images for slit width of 0.041 in. and altitude of 35000 ft. 1 g maneuver; 
0.35 < M < 0.50: probe-tip location 6: intermittent light-sheet operation. 
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(d) a = 20°. 
Figure 31. Continued. 
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(f) a = 22°. 
Figure 31. Continued. 
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(g) a = 23°. 

Figure 31. Concluded. 
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(b) a = 18°. 

Figure 32. Vortex-system enhanced images for slit width of 0.012 in. and altitude of 35000 ft. lg maneuver; 
0.30 < M < 0.48; probe-tip location 6; intermittent light-sheet operation. 
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Figure 32. Continued. 
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Figure 32. Concluded. 


oRiaifSAC p«* o 

COLOR photograph 


76 




Serial Slit width, in. M Altitude, ft 
85-011/05 .041 .40-. 30 25 000 

85-012/06 .012 .40-. 30 25 000 

85-011/03 .041 .50-. 35 35 000 


□ O 


43 

40 - 


4111 — 

400 — 

4ja 


o 

CM 


^ o 




> 

A 



w 

lOO 

s\ 

0 

A . .J 



lJ 

A 

V 

a 

Co 


cr 

CM 


CM 

CM 


O 

CM 


OO 


LO 


O 

LA 


O 


o 

hA 


O 

CM 


O) 

CD 

TD 


O 

O 

O M 

LA 

tA 


o 

r a 

i 

OO 

^r 


CM 
< — I 

o 


-d- 

o 

X 

CM 

r - H 

o 

I 

LA 

OO 



CM 


CM 

CM 


OT 

CD 

O TD 
CM 


OO 


UD 


a a 


77 


Figure 33. Effect of altitude and slit width on measured vortex-system image characteristics. 1 g maneuver; 
probe-tip location 6; intermittent light-sheet operation. 
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